Introduction
High-performance liquid chromatography (HPLC) is the backbone of separation science, as it is being used in almost all industries, including pharmaceuticals, chemicals, agro-and food-processing, etc. Many pharmaceuticals are bases and their analyses remains problematic due to poor peak shapes, which are often experienced in reversed-phase chromatography (1) . Besides, the separation of large molecules such as proteins, nucleic acids, etc. are also not good on commercially available columns. In view of these facts, some workers have attempted to decrease analysis times by using short columns with smaller particles (smaller than the standard 5 µm). In spite of good efficiency with high flow-rates, these columns, sometimes, resulted in high plug and back-pressure (2) . Besides, the separation of big molecules is not easy in HPLC. Therefore, researchers have tried to overcome the problems of high-pressure drop by employing ultra high-pressure liquid chromatography (3), capillary electro-chromatography (CEC) (4) , and open tube liquid chromatography (5) . During the last decade, columns made of a single piece of monolithic silica were introduced as the alternatives to particle-based columns. These columns have a biporous structure of larger macropores (2.0 µm), which permits high flow-rates with low back-pressure and smaller mesopores (13.0 nm); they also provide a high surface area for enough efficiency (6) . The unique features and good advantages of monolithic silica HPLC columns over packed microparticulate columns are the ability to independently control the macro-and mesopore diameters as well as the silica skeleton diameter. Nowadays, it is possible to perform analyses with high linear flow velocity without significantly reduced separation efficiency. Besides, monolithic columns made of organic materials (polymer) enable high-speed separation of polypeptides and proteins in reversed phase and ion exchange modes but showed a relatively low efficiency for small molecules. Some reviews (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) have been published during the last few decades claiming fast and economic analyses for a variety of compounds on these columns. Due to these facts, attempts have been made to review monolithic phases in HPLC and CEC. The applications of these columns and capillaries have also been included. Efforts were also made to discuss the future perspectives of these stationary phases. The state-of-art of these phases is discussed in the following sections.
Preparation of Monolithic Silica Gel
Basically, monolithic silica gel is prepared by mixing appropriate amounts of tetramethoxysilane (TMOS) as a silica source and polyethylene oxide (PEO) as a polymer in an aqueous acidic solution. The processes of phase separation and sol-gel transition occur simultaneously and control the structure of the monolithic products. Some publications have described the syntheses using different quantities of reactants (22) (23) (24) (25) (26) (27) (28) (29) .
TMOS and PEO Columns
The macropore and skeleton diameter or domain size can be controlled by PEO in the reactant mixture while a simulta-neous increase in TMOS is responsible for skeleton diameter and lower macropore volume or thinner skeletons and higher macropore volume. Tanaka et al. (22) described the preparation of monolithic silica with skeleton diameters of 1.0-1.7 µm and macropore diameters of 1.5-1.8 µm. The resulting columns were derivatized to C 18 material, giving to reversedphase of 10-15 µm theoretical plate height. Furthermore, these authors (26) developed and investigated a number of reversed-phase monolithic columns with decreased sizes (5.7-2.32 µm). It has been reported by the authors that a subsequent surface modification of C 18 monoliths silica lead to a reduction of mesopore size and volume, which affected column performance due to different mass transfer kinetics. Ishizuka et al. (30) also described the preparation of monolithic silica columns. The authors converted normal silica into reversed phase mode by continuously feeding octadecyldimethyl-N,Ndiethylamnosilane (2.0 mL) in 8.0 mL of toluene under the pressure of 0.05 kg/cm 2 at 60ºC for 3 h.
Recently, Altmaier and Cabrera (31) prepared monolithic columns for HPLC. The authors varied the concentrations of TMOS and PEO. As per the authors, the resulting monoliths showed differences in the macropore and silica skeleton diameter as well as in the corresponding domain sizes. The authors also synthesized all monoliths with a diameter of 4.6 mm and cladded with polyaryletheretherketone (PEEK). Two types of silica gels were synthesized and these were (i) ones where the amount of PEO was decreased step-wise to yield monoliths with identical macropore volumes and variations in domain sizes, and (ii) ones that were synthesized by adjusting both TMOS and PEO quantities to yield monolithic columns with identical macropore diameters of~1.80 µm but different skeleton diameters and macropore volumes. The scanning electron microscope (SEM) images of silica gels are given in Figure 1 , indicating the effect of homogeneity due to the amount of PEO. A regularly ordered silica monolith with a coral-like structure and large macropores with high quantities of PEO caused the production of columns with a much more inhomogeneous, spongy scaffold with small macropores. The efficiency and permeability were tested by using a mobile phase of n-heptane-dioxane (95:5, v/v). As per the authors, the chromatographic results suggested that an increase in the column performance cannot be achieved by decreasing the domain size of a given column. Xu et al. (32) described a monolithic octadecyl silane (ODS) silica gel column by saturating it with lithium dodecylsulfate (Li-DS). Mukai et al. (33) described the formation of monolithic silica gel microhoneycombs using the pseudo-steady state growth of microstructural ice crystals.
Preparation of Chromolith Columns
The monolithic silica columns can be prepared either in a mold (polymeric cladding material) similar to the size of conventional HPLC column or in a fused silica capillary. The preparation in a mold is carried out by volume reduction of the whole structure. Normally, straight monolithic columns cannot be more than 15 cm long. concentration of progen (2.0 M ammonium hydroxide solution) was used to increase the mesopore size. The authors studied the effect of PEO and reported that a lower concentration was suitable for forming the interconnected porous structure for the silica gel. The hydrolysis and polycondensation reactions of TMOS are given in Figure 2 . The effects of different TMOS/PGE ratios and porogen concentrations on the monolithic silica gel are given in Tables I and II , respectively, indicating different textures of monolithic silica gel.
Preparation of Methacrylate Columns
In addition, monolithic silica gels and methacrylate monolithic columns have been developed and fabricated. The methacrylate monolithic columns are the alternatives tools for developing fast, efficient, and highly productive purification processes for large biomolecules (35, 36) . Some reviews (7, (37) (38) (39) have appeared in the literature on methacrylate monolithics, describing the preparation and characterization of methacrylate-based monolithic columns. Like monolithic silica gel, methacrylate monolithic columns also do not need column packing or validation at the production site. Besides, the enhanced mass transfer properties, pressure/flow characteristic, specific permeability, and morphological and structural characteristic features make these monolithic columns ideal for separation and purification purposes. Recently, Barut et al. (40) and Urban and Jandera (18) reviewed the preparation, properties, and application of porous monolithic methacrylate-based polymer. The authors described the design and some other features for the purification of large biomolecules (immunoglobulins G and M, plasmid, DNA, and viral particles). They cited some examples from the bioprocess development schemes for methacrylate-based monolithic columns, which represented a novel technology that emerged 15 years ago (39, 41) . Methacrylate monoliths are formed via a free radical polymerization in the presence of a precipitant (thermodynamically poor solvent) (42) . Normally, monovinyl and divinyl methacrylate monomers are used, and the polymers are formed by solution polymerization precipitate that become insoluble in the reaction medium as a result of both cross-linking and the presence of porogen. The pore size distribution is optimized so that the flow through the medium should be achieved at a reasonable backpressure for chromatographic applications. Therefore, polymerization should be carried out for a sufficient volume of large pores, nanometer range sized pores, and for a high specific surface area. Tennikov et al. (43) described monoliths of different pore sizes and reported an optimal separation of medium size proteins.
Properties of Monolithic Silica Gel
Basically, the properties of monolithic silica depend on the starting materials and the method of preparation. The size of the silica gel skeleton can be controlled by using different concentrations of TMOS and polyethylene glycol (PEG). Furthermore, it is possible to produce monolithic silica columns of different pores and skeleton sizes ratio. Tanaka et al. (44) described the texture of monolithic silica by means of SEM photographs ( Figure 3 ). The authors reported that both the silica skeletons and the pores are co-continuous and that the domain size decreases with the increase in PEG contents in the starting mixture. Minakuchi et al. (26) described the composition of monolithic silica gel and the types of silica rod, amount of PEG, ammonium hydroxide, mesopores, domain size, and through pore size, which clearly indicates different values of these parameters for different silica rods. Similarly, the porosity of monolithic silica gel columns was studied by Tanaka et al. (45) and Ishizuka et al. (46) . The values of porosity of different columns are given in Table III , which clearly indicates a scattered pattern which is responsible for different chromatographic behavior. The porosity of the monolithic silica columns is much greater than that of a particle packed column (45, 46) . The chromatographic properties of monolithic silica gel depend on large through pore size/skeleton size ratio and high porosities, resulting in high permeability and a large number of theoretical plates per unit pressure drop. Tanaka et al. (26, 45) compared the pressure drop of monolithic columns with the packed one (Figure 4) , and it was reported that the pressure drop of the MS-PTFE (through pore size 2.2 µm, skeleton size 1.6 µm) was one-fourth of the Mightysil packed column (5 µm ODS particle size). Furthermore, the pressure drop of the MS-FS (50) (through pore size 8.0 µm, skeleton size 2.0 µm) was even lower than the MS-PTFE column. The authors also calculated typical K values (reflecting column permeability) and reported as 4 × 10 -13 , 1 × 10 -2 , 7 × 10 -14 , and 4 × 10 -14 m -2 for MS-PTFE, MS-FS, and MS-PEEK packed with 5 µm particle size, respectively. As per the authors, these values suggested large-sized through pores and high porosity of monolithic columns. The authors also compared the functionality of the MS-PEEK (10 cm) column with ODS-3 (15 cm) and reported better efficiency of the former column. Similarly, Mihelic et al. (47) studied the pressure drop in convective interaction media (CIM) disk monolithic columns. The authors observed 50% decreases in pressure as compared with columns having the same dimensions. This might be due to the different porous structure, which was quite different in terms of the pore size distribution and parallel pore non-uniformity, compared with the one in conventional packed beds.
Recently, Altmaier and Cabrera (31) prepared~25 pieces of the same material columns in order to get representative data and cladded them with a suitable PEEK polymer in a standardized and optimized manner for the subsequent chromatographic evaluation. The columns were tested under normal-phase conditions using n-heptane-dioxane (95:5, v/v) as a mobile phase and 2-nitroanisole as a test compound for the determination of separation efficiency and permeability. The authors prepared six different monoliths (P1-P6) by keeping the amounts of TMOS and acetic acid constant and changing the fraction of PEO introduced into the initial synthesis mixture (Table IV) . Sugrue et al. (48) described ion exchange properties of monolithic and particle type iminodiacetic acid modified silica. The peak efficiencies for most metal ions were of a similar order for both column types, except for Zn(II), which showed significant peak broadening on the IDA monolithic column. Lubda et al. (49) studied comprehensive pore structure characterization of silica monoliths with controlled mesopore size and macropore size by nitrogen sorption, mercury porosimetry, transmission electron microscopy, and inverse size exclusion chromatography. The hydrodynamic characteristics of methacrylate monoliths depend on their structure (i.e., porosity, pore size, and pore size distribution), which are controlled by the preparation/polymerization of the monolith. Normally, methacrylate monolithic columns are characterized by short column length and an extremely high surface-to-volume ratio. Even small scale synthesized monolithic silica capillaries (SMCs) rigid disks are few millimeters long and can be used for a variety of complex separations. The pressure drop is the linear velocity, which is directly proportional to pressure drop. Bencina et al. (50) reported the effect of large molecule size (i.e., DNA) and reported that pore size of ~ 1.5 µm is quite good for this purpose. Minakuchi et al. (45) and Tanaka et al. (44) reported SEM image of methacrylate monoliths, indicating small particle agglomerates transected by large pore channels. The specific surface area (m 2 /g), pore volume (mL/g), median pore radius (nm), porosity (%), and equivalent particle diameter (µm) are 7.19, 1.35, 750, 64, and 0.75, respectively.
Applications of Monolithic Phases
Due to their unique features as discussed earlier, monolithic silica-and polymer-based columns have been used in HPLC. A few reports are also available in CEC. The applications of these monolithics in HPLC and CEC are discussed next.
Applications in HPLC
During last few decades, monolithic columns have been used for fast, sensitive, and reproducible analyses of many compounds, especially for large molecules. Several computational studies were performed to determine the optimum (relative) geometry of monolithic column materials for their application in HPLC (51, 52) . The parameters that are crucial for a high chromatographic performance of these systems are mesopore, macropore, and skeleton diameter, as well as the homogeneity of these variables, especially a small pore size distribution (53-57). Sutton and Nesterenko (58) described the separation of aromatic hydrocarbons in petroleum fraction by normal-phase mode using bare silica and aminopropyl-modified silica Chromolith-type monolithic columns. Miyabe et al. (59) studied the kinetic parameter concerning mass transfer in silica monolithic and particulate stationary phases measured by the peak parking and slow elution methods.
The methacrylate monolithics have been optimized for the purification of large molecules as exhibited by the highest capacity among other resins. This has been exemplified on the purification of large proteins, DNA, and viruses. Zmak et al. (60) separated various macro-molecules on methacrylate monolithic columns ( Figure 5) . A perusal of this figure indicates that all the molecules are baseline separated using different mobile phases. The flow did not affect the properties of small methacrylate monolithic columns, which enabled the performance of extremely fast analyses (in seconds). Hence, monolithic columns can be considered as versatile chromatographic sensors. Kramberger et al. (61) and Oulette (62) concentrated and separated plant and adenovirus, respectively. Smrekar et al. (63) presented a strategy for the purification and concentration of the bacteriophage T4 with the SMCs ( Figure  6 ). As per the authors, the methods were very robust and reproducible, giving phage recoveries between 60% and 70% with a relative standard deviation of 9%. Branovic et al. (64) reported quality control for Immunoglobulin G (IgG) by using SMCs. Barut et al. (17) described the analytical applications of a monolithic column of 3-5 mm length with a small diameter. The authors discussed the capacities of these columns in protein separations (Figure 7) . The flow-rates can range from 0.5 to 10.0 mL/min. Ali et al. used a Chromolith RP-18e mono- lithic column and separated various compounds such as haloperidol (65, 66) , tadalafil (67), phenols (68) , and chloramphenicol (69) in various matrices. The authors optimized the separations of these compounds by varying mobile phase compositions, pH, and flow-rates. Figure 8 (68) indicates the effect of the flow-rates (1 to 10 mL/min) on the separation pattern of phenols. It was observed that the studied phenols were resolved successfully at all flow-rates (1.0 to 10.0 mL/min) and the peaks were slightly broad at 1.0 and 2.0 mL/min flow-rates. It is interesting to note that the detection was poor at flow-rates ranging from 4.0 to 10.0 mL/min and, therefore, 3.0 mL/min was selected as the optimum and most suitable flow-rate. It is also interesting to observe from Figure 8 that the capacity factors changed rapidly from 1.0 to 4.0 mL/min while these become almost constant from 5.0 to 10.0 mL/min flow-rate. These observations lead to a high Eddy diffusion and high mass transfer of phenols in the stationary phase; at high flowrates, the reverse is true. Kalashnikova and co-workers (70) studied influenza vaccine and virus-like synthetic particles as model objects on monolithic columns (CIM disks). The maximum value of adsorption capacity was registered for a monolithic disk, modified subsequently by chitosan and 2,6-sialyllactose and found to be equal to 6.9 × 10 12 virions/mL support. Satínský et al. (71) determined ambroxol hydrochloride, methylparaben, and benzoic acid in pharmaceutical preparations on a sequential injection technique coupled with a monolithic column. The porous monolithic columns (Chromolith SpeedROD RP-18e, 50-4.6 mm column with 10 mm) showed high performance at relatively low pressure. The mobile phase used was acetonitrile-tetrahydrofuran-0.05 M acetic acid (10:10:90, v/v), with pH 3.75 (adjusted with triethylamine) and a flow-rate of 0.48 mL/min. As per the authors, the method was found to be useful for the routine analysis of the reported compounds in various pharmaceutical syrups and drops. Recently, Gomez et al. (72) described flow through low pressure chromatographic separations on the sequential injection chromatographic (SIC) concept coupled to second order multivariate regression models based on multivariate curve resolution-alternating least-squares (MCR-ALS) on short monolithic columns along with isocratic elution. To ascertain the improved peak capacity of the SIC-MCR-ALS procedure, five phenolic compounds commonly used in disinfectant products and featuring similar UV spectra and close retention times in short reversed-phase silica-based monolithic phases were selected as model compounds by the authors. Zacharis et al. (73) carried out a sequential injection analysis on monolithic strong anion-exchanger column for on-line drug-protein interaction studies. Ciprofloxacin was selected as a model drug with BSA. The effect of incubation time was studied and online binding assays and binding constants were determined as (3.16 ± 0.21) × 10 6 and (1.27 ± 0.48) × 10 4 per moles. As per the authors, the results were evaluated for the determination of accuracy of the developed method. The authors compared their results with ultra-filtration experiments and found in good agreement.
Applications in CEC
Besides HPLC, monolithic capillaries are more effective and efficient for the separation of different molecules. An increase in efficiency was observed in CEC compared to pressure-driven elution, indicating A-term contribution responsible for poor efficiency of the column in HPLC. Several other data on the correlation of column performance and variation of the domain sizes were obtained utilizing monolithic silica capillaries (28) . So far, the best results were achieved with a capillary possessing a domain size of 2.2 µm and a corresponding H min of 5 µm (29) . It is possible to generate 50,000 to 1,00,000 theoretical plates in capillaries of 20-30 cm length in CEC (74). Moravcová et al. (75) compared the chromatographic properties of the organic polymer monolithic columns with those of commercial silica-based particulate and monolithic capillary. As per the authors, organic polymer monolithic capillary columns showed similar retention behavior to chemically bonded alkyl silica columns for compounds with different polarities characterized by interaction indices but had low methylene selectivities and did not show polar interactions with sulphonic acids. Puy et al. (76) synthesized SMCs by a sol-gel process. These capillaries were evaluated in electro-chromatography and showed high efficiencies (H = 5 µm). The effect of skeleton size on the EOF was investigated with unmodified SMCs used under various experimental conditions. Ishizuka et al. (46) prepared and used a monolithic silica column in a capillary under pressure-driven and electrodriven conditions. The considerable dependence of column efficiency on the linear velocity of the mobile phase was observed. As per the authors, the performance of the continuous silica capillary column in the electrodriven mode was much better than that in pressure-driven mode. Breadmore et al. (77) described microchip-based sol-gel phases for capillary electro-chromatography for monolithic silica gel. The chromatographic performance of the monolithic columns was evaluated by ion-exchange electro-chromatography, with ion-exchange sites introduced via dynamic coating with the cationic polymerpoly(diallyldimethylammonium chloride).
Gatschelhofer et al. (78) described chiral separation of glycyl-dipeptides by CEC using particle-loaded monoliths; prepared by ring opening metathesis polymerization. The chiral selectors used were teicoplanin aglycone, which was chemically bonded to silica gel. Chankvetadze et al. (79) modified monolithic capillary of silica gel with cellulose tris-(3,5-dimethylphenylcarbamate) and used for enantio-separations. High efficiency enantioseparations of several chiral drugs were achieved in a short time. The baseline enantioseparation of 2,2,2-trifluoro-1-(9-anthryl)ethanol was achieved in less than 30 s. Furthermore, the same group (80) developed monolithic capillary columns having silica gel covalently bonded with 3,5-disubstituted phenylcarbamate derivatives of cellulose and amylose. The authors used these capillaries for chiral separations. The effects of the type of polysaccharides and the substituents, as well as of multiple covalent immobilization of polysaccharide derivatives, were studied. As per the authors, the capillary columns obtained using this technique were stable in all solvents and exhibited promising enantiomerresolving ability. Other applications of monolithic phases are given in Table V .
Monolithic silica gel in HPLC vs CEC
Of course, monolithic phases are effective and efficient phases for macromolecules. There are some papers on analytical scale using monolithic columns with good results in both HPLC and CEC. However, some band broadening in HPLC of monolithic silica columns was observed due to slow mass transfer, which does not occur in CEC. The theoretical plate numbers in CEC were found to be 3 to 4 times greater in CEC than in HPLC ( Figure 9 ) (46) . Besides, CEC utilized high permeability of monolithic silica columns. The authors compared the efficiency of monolithic silica gel in HPLC and CEC modes. The monolithic silica capillary columns provided high permeability; the pressure-driven operation at a very low pressure can afford a separation speed similar to CEC at a high electric field. Under most favorable conditions, the MS-FS (50) column (25 cm) showed ~ 80,000 theoretical plates in 80% acetonitrile-20% aqueous buffer (pH 8) (81) .
A comparison of monolithic silica columns with other particle-based columns is shown in Figure 10 (82) at a mobile phase velocity of 4.0 mm/s and gradient time of 5 min for the separation of polypeptides. It was observed that the efficiency of monolithic column was almost similar with small non-porous particles but much higher than that of conventional 5 µm particle size. Besides, monolithic silica columns showed similar selectivities with higher performance than particle-packed columns. These authors compared the performance of monolithic columns in HPLC and CEC, and the chromatograms are given in Figure 9 . The studied compounds were alkylbenzenes in 90% acetonitrile-10% Tris-HCl buffer. The theoretical plates were 50,000 and 16,000 in HPLC and CEC, respectively. The monolithic silica in a capillary produced a much higher efficiency than in the pressure- Figure 9 indicates that the peaks are sharp in CEC with good separations. Of course, the use of an HPLC column requires a longer separation time than CEC to achieve similar efficiency as the former has less practical difficulty and is easy to hyphenate with an MS detector. Briefly, the separation power of CEC is higher than HPLC, but the former cannot be used at preparative scale.
Future Perspectives and Conclusion
To the best of our experience, the future of monolithic columns is quite bright for several reasons. These columns are economical, as they require less costly chemicals and labor. In addition, polymer-based columns can withstand and work under different mobile phases, including drastic conditions. The working capacity and efficiency of these phases for large molecules make them ideal phases. Moreover, these columns do not require packing into PEEK or steel columns, which is a tedious job and requires training/expertise, which might not be available in all labs. All of these points indicate the advantages of monolithic columns.
The applications and other issues related to monolithic phases discussed in this article clearly show that monolithic phases have been used for successful separations of a variety of compounds. They are ideal phases for large molecules but still need more modifications and developments, especially in reversed-phase modes. Normally, these columns have low back-pressure, which requires a mobile flow pump of low pressure capacities. Therefore, these columns may have great applications in sequential injection chromatography. It is desirable to prepare monolithic phases that can produce high electroosmotic flow without affecting the chemical and chromatographic properties of monolithic silica columns. Moreover, monolithic chiral phases are also becoming commercially available because the need of enantiomeric separations is increasing continuously. Recently, Advanced Material Technology, Inc. (Wilmington, DE) introduced Halo columns (silica particle of 2.7 µm size and manufactured by fused core technology). These columns have good load abilities with fast speed and high back-pressures, so they have a good future. Therefore, there will probably be a tight competition of monolithics with Halo columns in near future. Briefly, the future will decide the applications, importance, and market of monolithic columns. 
